Introduction
The molecular mechanisms involved in the regulation of hepatic microsomal UDP-glucuronyltransferases are currently the subject of rigorous investigations by a number of laboratories. Overwhelming evidence indicates that UDPglucuronyltransferase is a heterogeneous family of enzymes (see Burchell, 1981) ; thus these investigations in mammalian tissues are complicated by the specificity and magnitude of measurable changes of transferase activities in response to inducing agents (Lillienblum et al., 1982) .
The developing chick embryo is in many respects a more convenient model for tackling some of the problems involved in the study of the control of gene expression by drugs and hormones (see Dutton, 1973; Grieninger & Granick, 1975) .
The activity of hepatic UDP-glucuronyltransferase towards various substrates is virtually absent from chickembryo liver until hatching, when it rises suddenly to adult values (Dutton & KO, 1966) . Precocious development in ovo of this enzyme can be brought about by injection of phenobarbital or infusion of certain 11 8-hydroxy corticosteroids into embryonated eggs (Wishart & Dutton, 1975; Leakey et al., 1976) , such that UDP-glucuronyltransferase activity is increased from virtually zero by some 50-fold by corticosterone acetate (Leakey et al., 1976) and up to 200-fold by phenobarbital (Wishart & Dutton, 1975) . These observations led to the discovery of the regulation of UDPglucuronyltransferase by glucocorticoids in developing mammalian liver (Wishart & Dutton, 1977) . The enormous increases of UDP-glucuronyltransferase activity mediated by phenobarbital in chick-embryo liver in ouo can also be demonstrated in chick-embryo liver cultures (Burchell et al., 1972) . Thus the developing chick-embryo liver cell provides an excellent model for study of the molecular mechanisms involved in regulation of UDP-glucuronyltransferase activity by drugs and hormones. We are currently investigating the transcriptional and translational events involved in drug-mediated stimulation of UDP-glucuronyltransferase synthesis in avian liver.
Materials and methods
Many methods used in the present work have been described in publications from our laboratory (Burchell et al., 1972 (Burchell et al., , 1983 Burchell, 1977 Burchell, , 1978 Burchell, , 1980 . Antibodies against purified UDP-glucuronyltransferases were raised in Suffolk Cross Blackface sheep by a combination of intradermal and subcutaneous injection to obtain more than 1 litre of the same antiserum. IgG* was purified by (NH,),SO, fractionation and chromatography on DEAEcellulose. Purified immune globulins were immobilized on CNBr-activated Sepharose 4B by the routine method previously described (Axen et al., 1967) . Various solubilized hepatic microsomal preparations ('microsomes') or purified UDP-glucuronyltransferase were radioiodinated by using the chloramine-T method (Talmage & Claman, 1967) .
Synthesis of hepatic microsomal proteins in vitro in rabbit reticulocyte lysates was performed by the method of Pelham & Jackson (1976) , with poly(A)+ RNA isolated by using guanidine isothiocyanate (Chigwin et al., 1979) and oligo(dT)-cellulose chromagraphy (Aviv & Leder, 1972) . Irnmuno-isolation of UDP-glucuronyltransferase from * Abbreviation: IgG, immunoglobulin G. crude microsomal fractions or reticulocyte lysates by using the immobilized antibodies described above were performed by the incubation and washing procedures described by Fujii-Kuriyama et al. (1 98 1) .
Isolated antigens and polypeptides were examined by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis (Laemmli, 1970; Cleveland et al., 1977) and autoradiography (Laskey & Mills, 1975) .
Results and discussion
Assay of UDP-glucuronyltransferase activity towards various substrates
The 'latent' activity of hepatic microsomal UDPglucuronyltransferase is well recognized, and the extent of this 'latency' may vary after drug or hormonal treatment of animals (Dutton & Burchell, 1977) . Activation of a membrane-bound enzyme by modification of its membrane environment may be incorrectly termed as 'enzyme induction' (Dutton & Burchell, 1977) . Therefore, measurement of changes of enzyme activities resulting from drug pretreatment must be performed when the enzyme has been optimally activated, preferably by a non-ionic detergent (Dutton, 1980) .
Optimal activation of hepatic microsomal UDP-glucuronyltransferase towards various substrates was assessed by incubation of samples of the microsomes with various concentrations of Lubrol in the enzyme assay mixtures (Burchell et al., 1983) .
Effect of administration of phenobarbital or corticosterone acetate on the UDP-glucuronylrransferase activities in chick-
embryo liver
Hepatic microsomal UDP-glucuronyltransferase activity of untreated 19-20-day chick-embryo livers was extremely low or not detectable when five different substrates were used (Burchell et al., 1983) . Treatment of embryonated eggs with phenobarbital caused up to a 50-fold increase of hepatic microsomal UDP-glucuronyltransferase activity towards I-naphthol, 4-nitrophenol and 2-aminophenol (as previously reported; see Dutton, 1980) , whereas activity towards bilirubin remained undetectable and that towards testosterone only slightly increased (Burchell et al., 1983) . Thus phenobarbital stimulates the precocious appearance of high activities, up to 3-fold adult values, of the UDPglucuronyltransferase detectable in the hatched chick liver.
Infusion of corticosterone acetate into embryonated eggs also increased UDP-glucuronyltransferase activity towards 1-naphthol some 20-fold (Burchell et al., 1983) . These increases of UDP-glucuronyltransferase activity in optimally detergent-disrupted microsomes indirectly indicate that the amount of UDP-glucuronyltransferase protein has increased and that 'induction' Was occurred.
IdentiJication of' increased amounts of UDPglucuronjdtransferase protein in chick-embryo liver cells
Drug-or hormone-mediated induction of an enzyme has been previously defined as 'an increase in enzyme activity which requires continuous protein synthesis of the protein synthesised may be the enzyme itself, or another protein which affects the rate of turnover of the enzyme' (Dutton & Burchell, 1974) . Thus the induction of an enzyme should be measured by a change in the concentration of the enzyme protein. Recent advances in the isolation and characterization of mammalian liver UDP-glucuronyltransferase(s) in this and other laboratories (see Burchell, 1981) have provided methodology that can be used to purify the chickembryo liver enzyme. Thus we have purified a UDP-glucuronyltransferase from as little as log of chick-embryo liver, and we have used this purified enzyme as a 'standard' protein to show that phenobarbital treatment of liver cells apparently results in the accumulation of large quantities of UDP-glucuronyltransferase (Burchell et al., 1983) . At this stage it is important to determine whether the protein that has accumulated in chick-embryo liver microsomes and exhibits the same electrophoretic mobility as purified UDPglucuronyltransferase is indeed the same polypeptide. This can be achieved by (a) use of specific antibodies against the purified transferase and/or (6) peptide mapping. Thus we have raised an antiserum, R, in sheep against purified rat liver 1 -naphthol UDP-glucuronyltransferase, and more recently a second antiserum, 'C', against purified chick liver 1-naphthol UDP-glucuronyltransferase. Antiserum R cross-reacted against purified rat liver UDPglucuronyltransferases and a protein present in the (NH,),SO, fraction of solubilized microsomes from phenobarbital-treated chick-embryo liver during Ouchterlony double-diffusion analysis (Fig. lb) . The 1-naphthol UDPglucuronyltransferase present in chick-embryo liver microsomes and the transferase in rat liver microsomes were only partially identical, as indicated by the spur formation between the precipitin lines in the double-diffusion plate.
Antiserum R and the IgG purified from this serum were also good inhibitors of solubilized rat liver and chick-embryo liver microsomal UDP-glucuronyltransferases (Fig. la) . IgG fraction from antiserum R when immobilized on Sepharose 4B was used to isolate specifically UDPglucuronyltransferase from solubilized chick-embryo liver microsomes (Fig. lc) . Thus antiserum R can be used to examine the biosynthesis of UDP-glucuronyltransferase.
Antiserum R was a poor inhibitor of 1-naphthol UDPglucuronyltransferase activity in intact microsomes. The transferase activity was inhibited by up to 20% in microsomes from untreated rat liver and did not inhibit this enzyme activity in intact liver microsomes from phenobarbital-treated rats. Preliminary experiments also indicated that this antiserum interacted with 1-naphthol UDPglucuronyltransferase in solubilized human and monkey liver microsomes. Thus this first inhibitory antibody against UDP-glucuronyltransferase to be obtained appears to (2), (3) and (9, purified rat liver 4-nitrophenyl UDP-glucuronyltransferase; (4), 25 mM-potassium phosphate buffer containing 0.05% Lubrol, pH 7.5 ; (6), purified rat liver bilirubin UDP-glucuronyltransferase. (c) Immunochemical isolation of UDP-glucuronyltransferase from chick-embryo liver microsomes. Immobilized anti-(UDP-glucuronyltransferase) antibodies were incubated with 1251-labelled ( N H & 3 0 4 fractions trom solubilized chick-embryo liver microsomes. The labelled (NH,),SO, fractions and immuno-isolates were examined by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis (see the Materials and methods section). Lane (l), iodinated molecular-weight marker proteins ('68 K' etc. indicate mol.wts. of 68000 etc.); lane (2), iodinated proteins isolated by using preimmunoabsorbent ; lane (3), iodinated proteins isolated by using immunobilized anti-(UDP-glucuronyltransferase) antibodies; lane (4), iodinated proteins in the (NH,)?SO, fraction of chick-embryo liver microsomes.
VOl. 12 interact with the transferase in the liver of a number of species, and indicated that the transferase in intact membranes was not accessible to the antibodies. Antiserum C was less well characterized, but appears to be more specific for the chick liver UDP-glucuronyltransferase. The antiserum and the IgG fraction purified from the antiserum inhibited and immunoprecipitated l-naphtho1 UDP-glucuronyltransferase from solubilized chickembryo liver microsomes, but did not inhibit or immunoprecipitate the transferase from similar rat liver preparations (Fig. 2) . Thus the IgG fractions from antiserum C and preimmune serum, immobilized on Sepharose 4B, were used as immuno absorbents to try to determine specifically whether increased amounts of UDPglucuronyltransferase protein had accumulated in phenobarbital-treated chick-embryo liver in uiuo. Incubation of radio-iodinated (NH,)2S04 fractions of solubilized liver microsomes from untreated and phenobarbital-treated chick embryos with the immunoabsorbents again indicated that UDP-glucuronyltransferase protein had indeed accumulated in response to phenobarbital treatment.
Induction of UDP-glucuronyltransferase by phenobarbital is dependent on protein synthesis of the enzyme itserf
The isolation and culture of chick-embryo hepatocytes as cell monolayers (see the Materials and Methods section) results in the spontaneous appearance of high UDPglucuronyltransferase activity towards 2-aminophenol within 3 days, as previously reported (Skea & Nemeth, 1969) . Addition of phenobarbital to the culture medium only caused a slight increase over the spontaneously developed amounts of enzyme activity (Burchell et al., 1972) . We have determined that this UDP-glucuronyltransferase also exhibited activity towards 1-naphthol and 4-nitrophenol, but not towards bilirubin or testosterone (Burchell et al., 1983) .
These results indicate that the expression of similar extents of UDP-glucuronyltransferase activity could be observed in monolayer cultures, hatched chicks and phenobarbital-treated chick embryos, and the accumulation of a microsomal protein with the same electrophoretic mobility as purified UDP-glucuronyltransferase can be identified in each case (Burchell et al., 1983) .
We have previously observed that the precocious development of UDP-glucuronyltransferase in chick-embryo liver cultures was prevented by addition of cycloheximide, indicating that this increase of transferase activity was dependent on protein synthesis (Burchell et al., 1972) , and recently we have determined that [ 35S]methionine can be incorporated in the UDP-glucuronyltransferase of 53000Da which accumulates during tissue culture and in ouo in response to phenobarbital (Fig. 3) . This result indicated that the enzyme itself has been synthesized in response to phenobarbital in vivo, although the microsomal transferase could be first synthesized from a precursor polypeptide. Thus we have examined the synthesis of UDPglucuronyltransferase directed by hepatic poly(A)+ mRNA added to reticulocyte lysates in vitro.
Induction of UDP-glucuronyltransferase is dependent on accumulation of biologically active mRNA
Poly(A)+ RNA was isolated from untreated and phenobarbital-treated chick-embryo liver and used to direct protein synthesis in vitro in reticulocyte lysates. Newly synthesized glucuronyltransferase was isolated from the reticulocyte lysate by using IgG specific for UDP-glucuronyltransferase bound to Sepharose. The reticulocyte lysate was incubated with immobilized pre-immune IgG before incubation with immobilized anti-(UDP-glucuronyltransferase)IgG. Examination of the autoradiographs of sodium dodecyl sulphate/polyacrylamide gels of the newly synthesized proteins showed that greater quantities of UDPglucuronyltransferase were synthesized when poly(A)+ RNA extracted from phenobarbital-pretreated chick-embryo livers was added to reticulocyte lysates. Not surprising-' ""4t The antiserum was mixed with the (NH,),S04 fraction from solubilized rat liver microsomes. Other details are described in (a) above. -methionine in phosphate-buffered saline was added on to the air-sac membrane. Labelling was carried out for 2h. Then the livers were removed and the microsomal fraction was isolated. The microsomes were solubilized in sodium dodecyl sulphate gel sample buffer, and approx. 1OOpg of protein was electrophoresed on a 7-9z-gradient polyacrylamide slab gel. The gel was dried and labelled proteins were detected by fluorography (see the Materials and methods section). Tracks 1 and 15, 12SI-labelled molecular-weight markers (albumin, 68 kDa; pyruvate kinase, 57 kDa; fumarase, 49 kDa; aldolase, 40kDa); tracks 2-7, pulse-labelled proteins from phenobarbital-treated embryo liver; track 8, 251-labelled purified UDP-glucuronyltransferase ; tracks 9-14, pulse-labelled proteins from untreated embryo liver.
ly, UDP-glucuronyltransferase does not appear to be synthesized via a precursor polypeptide, as the size of the newly synthesized protein was the same as the added and co-immunoprecipitated 251-labelled purified enzyme.
To confirm that the [ 35S]methionine-labelled polypeptide was UDP-glucuronyltransferase, we added purified unlabelled UDP-glucuronyltransferase to the reticulocyte lysate before the addition of immobilized antibody, to compete with the radioactive polypeptide in the immune reaction. This method has been successfully used in the study of cytochrome P-450 synthesis (Fagan et al., 1983) . We have observed that the newly synthesized radioactive protein isolated by the immobilized antibody was titrated away by using unlabelled UDP-glucuronyltransferase. These results indicate that mRNA specific for production of UDP-glucuronyltransferase has accumulated, presumably by synthesis de novo in chick-embryo liver in response to phenobarbital.
In summary, we have determined that phenobarbital pre-treatment for chick embryos causes an increase in mRNA specific for synthesis of UDP-glucuronyltransferase. The half-life of the mRNA produced is probably increased, because a large decrease (60%) in microsomal ribonuclease activity is caused by phenobarbital pretreated of embryos (M. Coughtrie & B. Burchell, unpublished work) . Thus the turnover of the mRNA is decreased and the newly synthesized product accumulates, large quantities of UDP-glucuronyltransferase are then synthesized from the newly processed mRNA, and the appearance of the transferase can be determined by enzymic, electrophoresic and immunochemical analysis.
Thus phenobarbital stimulates the production of mRNA specific for UDP-glucuronyltransferase synthesis in chickembryo liver. We are currently using sized poly(A) + mRNA from chick-embryo liver to facilitate the preparation of complementary DNA, which in turn will help our future studies of the regulation of hepatic UDPglucuronyltransferase.
